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Tracing of olfactory projections based on odorant receptor expression has led to an
almost complete receptor-to-glomerulus map in adult Drosophila. While most of the
glomeruli may be involved in processing of food odors, others appear to be more spe-
cialized, for example, responding to CO2 or to pheromonal cues. Recent studies have
shed light on signal processing in the antennal lobe and in higher centers. Newly de-
tected cholinergic excitatory local interneurons in the antennal lobe appear to provide
substrates for the broad odor tuning properties of projection neurons. In the mushroom
bodies, projection neurons establish an intricate divergence-convergence network with
their target cells, allowing complex modes of signal transfer. In the lateral horn, pro-
jection neurons innervating candidate pheromone glomeruli appear to segregate from
those innervating “normal” glomeruli. Hence, pheromone and food informationmaybe
handled by separate channels, consistent with discrete behavioral meanings of the two
kinds of signals. The olfactory pathway of the larva shares the general layout of its adult
counterpart, with a number of simpliﬁcations. The presence of only 21 glomeruli sug-
gests a reduction of primary olfactory “dimensions” compared to adults. The existence
of a pheromone-sensing subsystem is unlikely. Larval glomeruli are targets of single,
unique sensory neurons rather than being sites of convergence as in the adult. Projection
neuron outputs are restricted to single glomeruli in the mushroom body. Their target
cells either innervate one or several of them creating substrates for elementary odor
coding and coincidence detection. In conclusion, olfactory discrimination capacities of
the larva are very likely reduced, consistent with the requirements of a substrate feeder.
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The discovery of odorant receptors (ORs) in
mice1 and Drosophila2,3 paved the way for dis-
secting the rules of central olfactory connec-
tivity. Surprisingly, in both species, olfactory
receptor neurons (ORNs) usually express a
single type of OR, and all ORNs express-
ing a given OR converge upon a discrete
glomerulus in the primary olfactory center.4–6
Given the reduced numbers of 1300 ORNs,
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50 ORs, and 50 antennal lobe glomeruli in
adult Drosophila,7,8 this genetic model species is
particularly suited for studying the principles
of ORN wiring. Indeed, a surprisingly com-
plete OR-to-glomerulus map was recently es-
tablished (Fig. 1). It reveals a number of in-
teresting properties8–11: (1) ORNs in antennae
and palps express different ORs and project to
different glomeruli, allowing the ﬂy to distin-
guish between both inputs. (2) Whereas most
of the glomeruli may be involved in processing
of food odors, some of them appear to accom-
plishmore specialized functions.Two glomeruli
are good candidates for mediating pheromonal
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Figure 1. Adult and larval olfactory pathways of Drosophila share the same design.
However, adults comprise more olfactory receptor neuron (ORN) types (open circles) and
more antennal lobe glomeruli. Also, ORNs and projection neurons (PNs; ﬁlled circles) exist
as multiple copies in the adult, whereas larval ORNs and PNs are unique. Thus, the adult
antennal lobe is characterized by converging and diverging connectivity, whereas larval
ORNs, antennal lobe glomeruli, PNs, and calyx glomeruli are related essentially in a 1:1:1:1
fashion. Another unique attribute of the adult olfactory pathway is its pheromone-representing
subsystem (black dots), a discrete channel that extends all the way from ORNs via antennal
lobe glomeruli and PNs to the lateral horn. Adapted from Ramaekers et al.36 with permission
from Elsevier. (In color in Annals online.)
cues; they are larger in males12 and they are
targets of ORNs that respond to ﬂy odors.13,14
Another glomerulus comprises the terminals of
CO2-sensitive ORNs15 and two glomeruli are
the targets of putative thermo- or hygrosensen-
sory neurons in the arista.16 (3) The majority
of glomeruli receive bilateral inputs; however,
ﬁve glomeruli—among them the CO2 target
glomerulus and the aristal glomeruli—are in-
nervated exclusively by the ipsilateral antenna.
(4) Target glomeruli of different types of sensilla
tend to cluster in different areas of the lobe.
(5) At least seven glomeruli are targeted by
ORNs expressing two ORs.
The odor signals are processed through local
interneurons and projection neurons10 (Fig. 1).
Many of the local interneurons are GABAer-
gic17; they establish inhibitory synapses with
ORNs and projection neurons. A possible role
of this network may be to synchronize projec-
tion neuron activity.18 A second class of cholin-
ergic, excitatory local interneurons19,20 may al-
low projection neurons to respond to signals











the substrate for the signiﬁcantly broadened
odor tuning of projection neurons compared
to ORNs.18,21 The resulting odor information
represented by patterned activity of projection
neurons is transferred onto third-order neurons
in the mushroom bodies and the lateral horn.10
The former are key regions for olfactory learn-
ing, whereas the lateral horn appears to be
involved in naive odor recognition.22,23 Pro-
jection neurons synapse onto multiple mush-
room body Kenyon cells and the latter receive
input from multiple projection neurons,24,25
generating a local divergence-convergence
network. Hence, Kenyon cells may act as
coincidence detectors, which integrate odor in-
formation carried by parallel channels of pro-
jection neurons.26,27 In the lateral horn, projec-
tion neurons activated by food odors establish
stereotypic, but overlapping patterns of termi-
nals.28,29 They tend to be spatially separated
from the terminals of putative pheromone-
representing projection neurons which get
their inputs from the candidate pheromone
glomeruli.30,31 Pheromone-representing pro-
jection neurons establish sexually dimorphic
terminal arbors.32 Thus, information about
food appears to become integrated across in-
put channels, whereas pheromones may be sig-
naled via discrete channels all the way to the
lateral horn, in accordancewith an evolutionar-
ily distinct behavioral meaning of general odors
and pheromones. The putative pheromone re-
gion receives both excitatory and inhibitory sig-
nals30 which could allow lateral horn neurons
to mediate behavioral alternatives, depending
on the nature of the pheromone.
The larval olfactory pathway shares the de-
sign and the types of neurons of its adult coun-
terpart, but is much simpler in terms of cell
numbers33 (Fig. 1). Themerely 21 larval ORNs
target single glomeruli, similar to the situation
in the adult. However, rather than being sites
of ORN convergence, larval glomeruli are tar-
gets of single ORNs each expressing its proper
OR.34–36 As in the adult, local interneurons es-
tablish interglomerular connections36 andmost
of the larval projection neurons focus their den-
dritic arbors to individual glomeruli.36,37 How-
ever, projection neurons covering more than
one glomerulus are common.
Studying the connectivity of projection neu-
rons in the larval mushroom bodies is sim-
pliﬁed by the fact that the latter comprise
about 30–40 identiﬁable structures, called ca-
lyx glomeruli36,37 (Fig. 1). Projection neurons
choose mostly single calyx glomeruli as targets
and many of these neurons stereotypically link
a speciﬁc antennal lobe glomerulus with a spe-
ciﬁc calyx glomerulus.36 Larval Kenyon cells
either innervate a single calyx glomerulus36 or
establish arbors inmultiple, apparently random
glomeruli.37 Kenyon cells of the two types may
allow different modes of signal transfer, that
is, elementary odor coding versus coincidence
detection.
In conclusion, the olfactory pathway is
strongly conserved in larvae and adults, sharing
the essential layout of the vertebrate olfactory
system (Fig. 1). Yet, the larval circuit displays
a number of simpliﬁcations, a likely adapta-
tion to simpler olfactory demands. First, every
larval ORN and perhaps many of the larval
projection neurons are unique.36 Any loss of
these cells should theoretically affect olfactory
function more severely than in the adult sys-
tem. Surprisingly, silencing of single or multi-
ple ORNs has little effect on larval odor-driven
behavior, implying that the ligand ranges of the
different ORs are largely overlapping.34 Sec-
ond, the presence of only 21 antennal lobe
glomeruli suggests that the number of pri-
mary olfactory “dimensions” is reduced in the
larva compared to adult ﬂies comprising about
50 glomeruli. Third, although not studied ex-
plicitly, the presence of a pheromone-sensing
olfactory subsystem in the larva is unlikely: nei-
ther is there any evidence of sex-speciﬁc lar-
val behavior nor are any of the known adult
pheromone receptors expressed in the larva.
Fourth, larval ORN brain projections remain
strictly ipsilateral.33 Finally, given that the num-
bers of ORNs, antennal lobe glomeruli, projec-
tion neurons, and calyx glomeruli are largely











convergent and divergent connectivity up to
themushroom bodies.36 This is unlike the adult
circuit, in which 1300 ORNs converge onto 50
glomeruli, which diverge again to an estimated
150 projection neurons, each of which inner-
vates many Kenyon cells. The lack of cellular
redundancy, the reduced number of primary ol-
factory dimensions, and the lack of convergent
connectivity are likely to reduce the signal-to-
noise ratio. Hence, larvae can be expected to
perform less well in odor discrimination than
adult ﬂies, whichmay not be a too serious draw-
back for a substrate feeder.
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